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Abstract 

Affleck-Dine baryogenesis is preconditioned on a certain structure of non-renormalizable opera- 
tors in the Kahler potential. In this paper, we geometrically characterize the resulting constraint 
on the field space Kahler geometry and survey the Lagrangian for correlated predictions. The 
Affleck-Dine field backreacts on the inflaton, and by mapping the backreacted potential to an in- 
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flaton potential with a step, we find that current CMB data severely constrain some versions of 
— — the scenario. 
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I. INTRODUCTION 



While several ostensibly viable mechanisms for generating the observed baryon asymme- 
try of the universe have been proposed, which of them — if any — is actually responsible 
for the discrepancy between the densities of matter and antimatter is not known. A beau- 
tiful mechanism of baryogenesis which appears very natural in models with supersymmetry 
was proposed long ago by Affleck and Dine. In the seminal paper PQ, it was noticed that 
baryogenesis may proceed through the dynamics of flat directions, which in a supersymmet- 
ric theory, like the MSSM, generically exist in abundance before supersymmetry is broken. 
These flat directions may lead to several important cosmological consequences (for reviews 
see [2J |3]), out of which baryogenesis is perhaps the most spectacular. 

The Affleck-Dine scenario provides a robust mechanism for baryogenesis and can easily 
produce a significant baryon number, large enough to reproduce the observed ratio of baryons 
over photons, 

n B /n^ ~ 6 • 1(T 10 , (LI) 

even in the presence of late-time entropy releases. Intriguingly, the viability of the mechanism 
is contingent upon the structure of Planck-suppressed operators in both the Kahler potential 
and the superpotential, thus providing a window of sensitivity to high-scale physics like string 
theory. For several interesting examples of inflation in string theory where these operators 
can be computed, Affleck-Dine baryogenesis is impossible. Therefore, if this mechanism 
would be observationally confirmed, it would provide important information guiding string 
theory constructions of inflation and the standard model. 

A number of correlated predictions of the Affleck-Dine mechanism have been noted, 
including the prediction of so called Q-balls [I] and — as have received much attention 
recently — the ease with which the near equivalence of the abundance of dark matter and 
baryons can be explained in this framework [3], see also [2J. Nonetheless, it can been argued 
that due to its apparent robustness together with the wide range of possible resulting baryon 
numbers, the scenario can be quite hard to falsify, thus making it less attractive as a physical 
theory. 

The purpose of this paper is to further explore the correlated predictions on the Affleck- 
Dine scenario. In doing so, we give a clear geometric characterization of the conditions 



under which the mechanism is viable in §III[ and exploit the nontrivial structure of M = 1 
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supergravity to extract correlated predictions for various couplings in the Lagrangian in fVj 
Furthermore, a potentially interesting consequence of the Affleck-Dine scenario is the 



'backreaction' of the flat direction on the inflaton potential, and in SIV we discuss in detail 
how this can give rise to constraints on the parameters of the model. These constraints nec- 
essarily involve multi-field inflation, but here we use a simplified single-field model to give 
a rough estimate its relevance. The strongest constraints are obtained from the anomalies 
in the temperature anisotropics of the cosmic microwave background at I ~ 20 and I ~ 40, 
which from the temperature measurements alone are only marginally significant. Future ob- 
servations of the polarization of the cosmic microwave background will decisively determine 
the severity of the constraints that can be imposed on the Affleck-Dine mechanism from 
precision cosmology. 

We discuss this consequence for both thermal and non-thermal initial conditions for the 
flat directions, and in both cases the effect is observationally relevant only if a flat direction 
is displaced from the global minimum of the potential at the time when cosmological scales 
left the horizon. This can be avoided in a number of ways, e.g. by inflation persisting for 
much longer than the around sixty e-folds required to solve the horizon problem. 



II. THE AFFLECK-DINE MECHANISM 



For Affleck-Dine baryogenesis to be successful, it is crucial that the scalar components ip a 
of one or several chiral superfields (denoted \l/ a ) parametrizing gauge invariant, renormal- 
izably flat directions, obtain large vacuum expectation values (vevs) with nontrivial phases 
during inflation. However, there are a number of effects that can trap the flat direction at 
the origin in field space, inhibiting the subsequent baryogenesis [Bj. For instance, thermal ef- 
fects will aspire to achieve a configuration of thermal equilibrium with vanishing condensate 
vev through Yukawa and gauge interactions, leading to a potential for any flat directions 
of the form V(ip,ifj) ~ T 2 \ifj\ 2 . Furthermore, soft masses of the order of the electroweak 
scale give rise to contributions to the potential of the order V(ip,4>) ~ m L/tM 2 - Even 
more important are the Hubble induced masses of the form V(ip,ip) ~ H 2 \tp\ 2 , which for the 
simplest possible Kahler potentials corresponding to flat field space geometry, rapidly and 
classically evolve any initially displaced flat direction vev to the origin in field space and 
efficiently prohibit the development of a non-vanishing condensate. 
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Nevertheless, in the formative paper [6], Dine, Randall and Thomas demonstrated that 
by adjusting the numerical coefficients of certain non-renormalizable operators in the Kahler 
potential, the sign of the Hubble induced mass-squared can be changed, thus giving rise to 
a tachyonic contribution to the total mass of the condensate at the origin in field space. For 
a non-vanishing initial vev of the flat direction at the beginning of inflation, the thermal 
interactions freeze out [57], thus removing the thermal contribution to the scalar potential. 
Moreover, since for most models 0(m 2 f t ) w Tn 2 EW <C H 2 during inflation, the soft terms are 
negligible in comparison to the Hubble induced contribution. The resulting tachyonic mass of 
the Affleck-Dine field causes a prompt development of a significant condensate vev. The flat 
direction eventually settles down, stabilized by contributions to the potential arising from 
Planck-suppressed non-renormalizable operators in the superpotential, or, in the absence of 
a superpotential for the flat direction to all orders, by non-renormalizable operators in the 
Kahler potential. 

To be explicit, a field lifted by operators of dimension n > 4 in the superpotential, 

A ^ n 

WD-—^, (II.l) 

will have a scalar potential in which the dominant contributions during F-term inflation are 
given by[58j: 

V«,Q = -ci/W + + cc.) + |A|»Wp , (II.2) 

where H is the Hubble constant, and cj and a are constant. Apart from neglecting the ther- 
mal and the electroweak scale soft contributions to the scalar potential as discussed above, 
here also contributions arising from a nontrivial Kahler potential have been neglected apart 
from their influence on cj. We will have more to say about this consistent approximation in 

m 

For cj and A of order one, the flat direction becomes stabilized at 
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while the (order n) A-term of equation (II. 2) fosters a nontrivial phase upon the condensate. 



For small c/, quantum fluctuations will contribute to the formation of the condensate. 



After inflation, the (overdamped) condensate tracks an instantaneous minimum of the 
potential until the effects of the electroweak scale soft terms become non- negligible. At 
H ~ rriEw the torque exerted on the condensate by the soft A-terms triggers a spiraling 
motion of the vev towards the origin in field space. If the condensate is charged under a 
global t/(l) baryon symmetry [59] acting like ip — > e ta ip on the field, the rotation gives rise 
to a non- vanishing global charge density e.g, 



For small vevs, the electroweak scale A-terms are sub dominant to the soft masses, and the 
resulting baryon number is approximately conserved. In [6] , the resulting fraction of baryon 
number over the number of photons was estimated to 



after the decay of the condensate through thermal scattering with the cosmological plasma. 
Subsequent late-time entropy releases can be necessary in order to achieve a small enough 
baryon asymmetry. The vev of the flat direction has also other important consequences for 
the thermal history of the universe, as discussed in e.g. [31 E], and references therein. 

III. GEOMETRIC CONDITION 

The purpose of this paper is to survey the correlations in the Affleck-Dine scenario, and, 
fortunately, the structure of M = 1 supergravity is highly nontrivial and the condition Cj ~ 1 
leads to a small array of correlated predictions for various couplings in the Lagrangian. 
A number of authors have previously discussed the conditions under which Affleck-Dine 
baryogenesis is attainable (see e.g. [61I8HTU]). In this section we add to this work by obtaining 
a very transparent representation of the geometric condition in terms of a sectional curvature 
on the field space manifold, which incorporates the full inflaton dependence of the flat 
direction mass. 

The scalar potential of M = 1 supergravity is given in terms of an effective Kahler 
potential K and a superpotential W as, 




(II.4) 





v = v F + v 1 



e K/M h k ab FaP _ _ 3 
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(iii.i) 
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with the F-terms Fa = D^W = (8a+ jt^)W , where A runs over all the chiral superfields & A 

m pi 

in the theory. We have included the D-term potential for Abelian gauge groups in equation 



( III. 1 ) , with Di = <p A q A KA + £i, where <p A is the scalar component of $ A , q A is the U(l)i 
charge of <p A and is the corresponding field dependent Fayet-Iliopoulos term. 



The mass-term for the flat directions arising from the potential ( III. 1 ) is easily obtained 
from first principles by following the standard prescription for computing soft masses in 
supergravity [UJ: The chiral fields can be separated into the set of visible sector fields 
C a (including the flat directions) and the hidden sector fields X m (including the inflaton), 
where, in the visible sector, the F-terms are assumed to vanish and the vevs are taken to 
be small compared to Mp\. It is then appropriate to make a partial Taylor expansion of the 
Kahler potential and superpotential around the origin in the visible sector field space: 

k = k + k al c a c b + l(k™c a c b + c.c. ) + ..., 

W = W + lfi ab C a C b + \\ abc C a C b C c + . . . , (III.2) 
2 o 

where all the expansion coefficients are function of the hidden sector fields, e.g. K = 
K(X, X) , fi a b = ^{X) a b- Additional information about the chiral and gauge structure of the 
theory needs to be supplied separately; for instance in the MSSM, the only non-vanishing 
constant contribution to the //-term in the superpotential allowed by gauge and R-parity 
invariance is H u Hd. The same symmetries similarly severely restrict the allowed operators 
in the Kahler potential. 

We will be particularly interested in the renormalizably flat directions of the globally 
supersymmetric theory, for which no gauge and R-parity invariant operator in the superpo- 
tential below order n > 4 exist. In the MSSM, the numerous gauge invariant monomials 
corresponding to single flat directions were listed in [12J, and recently in full detail in [13j . 

The renormalizable superpotential gives rise to interactions between different indepen- 
dently flat directions, so that the presence of a vev of one field may lift many others. We will 
subsequently refer to a set of flat directions that remain renormalizably flat in the presence 
of arbitrary vevs of the other elements of the set, as a sector of flat directions. The different 
sectors can be studied by constructing gauge invariant polynomials, as discussed in [HE} IT5]. 
where the H u Li directions were explicitly constructed. 

Denoting the flat directions in some sector by \l/ a , the superpotential in this sector can 
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be written, 

W = W{X) + ^^ X "" (X) ^ ai --^ a " + --- ( IIL3 ) 
The leading order terms in the resulting Lagrangian are easily obtained [11] : under these 
assumptions the holomorphic bilinears, holomorphic trilinears and fermion masses all vanish 
for vanishing flat direction vevs (i.e. B a b = 0, A a b c = and = at ip a = 0), and the 
mass matrix for the scalars with kinetic terms given by K a i is given by, 

dahV F = {f /Mh ^ ~ 2™I/ 2 ) K al - e k ^F^F n R nmal 

= (3i/ 2 " ^ + ™3/ 2 ) K al - e k ' M ^F^F n R nmal , 

(III.4) 

where we have used Vp + Vd = V ~ 3H 2 M Pl , and introduced the gravitino mass rriy 2 = 
e K/M r'\j^r\ 2 , and the field space curvature R m na i = ^af^. Furthermore, here K mn F n = F m . 
For a non-vanishing U(l) D-term potential, this contribution to the scalar mass matrix 
should be complemented with the contribution from Vd, as discussed in e.g. [HI IT6] . 



The n-th order A-term of (II. 2) can similarly be worked out from Vp, and includes 
contributions from the superpotential as well as from the n-th order terms in the partial 
Taylor expansion of the Kahler potential, i.e. K<- n '°\X, X)ip n . We will have more to say 
about this coupling in §|V] 



A. Holomorphic Bisectional Curvature 

Specializing to the particularly illuminating case of a single hidden sector field, 0, sup- 
porting the energy density of the early universe and driving inflation (hence, the inflaton) 
and a single flat direction, ip, while momentarily specializing to the case Vd = 0, we find 
that the canonically normalized mass for the flat direction at the origin in field space is given 
by, 



m 



3H 2 



1 / m 3 /s 
3 V H 



Mpi R^^ 



(III.5) 



The gravitino mass, 7713/2, may during inflation take on values as large as H without fine- 
tuning, and is not necessarily related to the late time gravitino mass. The expression, 



V] = -M Pl K^K^R, 



(III.6) 



is the (dimensionless) holomorphic bisectional curvature between the holomorphic curves - 
or, equivalently, between the real planes invariant under the complex structure rotations - 
defined by and ip respectively, evaluated at ip = 0. The holomorphic bisectional curvature, 
first introduced in [T7] , is one of the most natural concepts of curvature on a Kahler manifold 
and has recently proven to be a very useful concept in relating local quantities in complex 
geometry to global theorems, see e.g. [18J. 

Of direct relevance for Affleck-Dine baryogenesis is that the the parameter cj in equation 



(II. 2) is given by 

ci 



-3(l + 5[0,^] + (^) 2 Q + i?[0,^^ ■ (IIL7) 



Since during inflation, H necessarily remains approximately constant and so does 777.3/2 for 
most reasonable models, the functional dependence of cj on the inflaton vev <p is determined 
solely by B[4>, ip]. 

Thus for F-term inflation, tachyonic masses at the origin in field space require a negative 
holomorphic bisectional curvature. In particular, in the interesting case when 7773/2 — H 
during inflation, Affleck-Dine baryogenesis is conditioned on B[(j), < — ~, while for 7773/2 <C 
H during inflation, the condition sharpens slightly to B((p, ip) < —1. 



To illustrate the utility of equation (III. 7), let us consider the canonical example of 



Affleck-Dine baryogenesis in F-term inflation with m^ 2 ~ H 2 , previously discussed in e.g. 
[6, 9j. in which the transition of the condensate is triggered by a non-rcnormalizablc Kahler 
potential of the form 



K = W + W + j^WW- (111.8) 
Since the Hubble parameter is approximately constant during inflation, the nontrivial infla- 



ton dependence of cj comes entirely from B[<p,ifj], which in this case is given by, 

B[<t>^] = -( - P 2 ) , (III.9) 



1 + 



where = Clearly, the condition £>((/>, V , )U=o < — 3 translates into /? > 3, and equation 



(III. 7) becomes, 



Cl = -4(1 + -B[(f), ij>] ) = -4 ( 1 I . (111.10) 

1 2 LV ^7 V 2(1 + /3|0| 2 ) 2 ' 



This illustrates a point that we will return to in §IV| c/ is already classically a nontrivial 
function of the inflaton, and keeping this function sufficiently negative for the condensate to 
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remain displaced during inflation and until H 2 pa m 2 j t results in a nontrivial condition on 



the Kahler potential. From the simple example (III. 10) it follows that for a field excursion 
of the inflaton larger than <p = a/3/8, there is no value of the constant /3 that can keep 
the condensate from transitioning back to the origin |9]. A reincarnation of this point will 



become particularly important for the discussion of large-field inflation in §IV C 2 



Let us comment on the generalization of the above considerations to multiple flat direc- 
tions: clearly the negative contribution to the masses comes from the Riemann curvature 
Rab<i>4» which certainly is not necessarily proportional to the metric on the moduli space K a i. 
It follows that the matrix (cj) a 5 is in general not universal or even diagonal. 

Let us end this section by commenting on the case when a non- vanishing D-term potential 
is included, and the total mass for the flat direction is given by, 

™jf = ml /2 {l + 3B[<j ) ^})+3H 2 ^-^)(l + B[ ( j ) ^})+k^d^V D . (ni.ll) 



If the Affleck-Dine field is charged under the anomalous U(l) in Vp, the last term of ( III. 1 1 ) 

can contribute with a mass-squared of order jM- of either sign. 

m pi 

If the Affleck-Dine field is uncharged under the anomalous U(l), then the contribution 
to the mass matrix from the D-term potential, i.e. K^d^Vo, will arise only at loop-order. 
The relative magnitude of the D-term potential and the total potential affects the F-term 
contribution to the flat direction mass, which for a single flat direction can be written, 

."■■>_ f 4 V " [■> V » 



c > = Y + \ 2 ~ T) B[(t)M ) ■ (IIL12) 

In this case, still assuming m 2 ^ 2 ~ H 2 and now specializing to the case d^Vu <C H 2 , the 
origin in field space become unstable for the flat direction for 

BM< -Mw' (IIL13) 

which for -y- < | bounds B[<j>,ifi] from above by some negative number. In the window 
y- G (|,2), Affleck-Dine baryogenesis may proceed with a positive holomorphic bisectional 
curvature. Examples of the Affleck-Dine mechanism in this range can be constructed - 
at least in field theory - - by lifting an AdS minimum of Vp by a D-term potential, to 
the positive energy density of the inflationary epoch. Finally, we note that for a vanishing 
expectation value of the F-term potential, i.e. Vp = 0, the mass of the flat direction is 
(1 + 3B[cj),ip])ml /2 + K^d^Vo, where the first term arises from nontrivial derivatives on 
the F-term potential that only vanish in the W — > limit. 



B. String Theory Examples 



We have shown that the holomorphic bisectional curvature determines the mass of the 
flat direction in supergravity and that a successful Affleck-Dine baryogenesis places certain 
upper bounds on B[<p,ip]. Since the connection between the inflaton and the standard 
model provided by B[(j>, ip\ arises from Planck-suppressed operators in the Kahler potential, 
the mechanism provides a window of ultraviolet sensitivity to string theory, in which such 
operators, at least in principle, can be computed. In this section we will illustrate how 
this can be done through examples of inflation in string compactifications, demonstrating 
that B[(f), ip\ is not an arbitrary function of the inflaton vev in some well-defined string 
constructions, and that Affleck-Dine baryogenesis in fact can be shown to be impossible 
in broad classes of scenarios. Consequently, if it can be established that the Affleck-Dine 
mechanism is indeed responsible for the observed baryon asymmetry of the universe, this 
would serve as a nontrivial selection criterion for string theory realizations of inflation and 
the standard model. 

First, let us review the feasibility of Affleck-Dine baryogenesis in the volume modulus 
inflation of [IS], in the Large Volume Scenario, (20], as previously discussed in [8]. In this 
model, the large volume modulus with scalar component r^, is displaced far from its final, 
approximately Minkowski, vacuum, and during inflation m^ 2 ^> m 2 EW . Assuming that the 
visible sector is localized in the internal dimensions, and that the visible sector fields have a 
diagonal Kahler metric, K a i = K^S a i, it can be argued that the physical Yukawa couplings 
should be independent of the overall volume [21]. Since the holomorphic Yukawa couplings 
are independent of the Kahler moduli to all orders in perturbation theory, it follows from 
the supergravity formula for the physical Yukawa couplings, 

\^Hol. 

Y2 ys - = e K/2M 'ri ^ , (111.14) 

that the overall volume moduli dependence of the kinetic terms of the visible sector fields is 
related to K by 

£(«) = e k/ZMl lR (a) ^ (nL15) 

where «W is independent of the overall volume modulus. This determines the coupling 
between the inflationary and the visible sector to be, 

B[<j> = T b ,i/>] = ~, (111.16) 
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which is identical to the holomorphic bisectional curvature for no-scale Kahler potentials. 



It follows from equation (III. 7) that for F-term inflation, the contribution proportional to 
m^ 2 famously drops out, while the Hubble induced mass gives, 

c/ = -4-6B[0,V] = -2- (111.17) 

It follows that Affleck-Dine baryogenesis is not possible for volume modulus inflation, or for 
any F-term inflationary model based on a no-scale Kahler potential [8]. 

A second, slightly more nontrivial example that to our knowledge previously has not been 
discussed in the literature is Affleck-Dine baryogenesis in the context of brane inflation in the 
KKLT scenario of moduli stabilization [22, 23J. At the level of the four-dimensional effective 
theory, this system can be modeled by supplementing the supergravity F-term potential by 
an explicitly supersymmetry breaking uplift potential, 

V tot . = V F + V up , (111.18) 



and the masses in the visible sector are given by equation (III. 11), after replacing Vd by 
V up . There exists an interesting class of models in which warping has been argued to ensure 
a sequestered form of the Kahler potential [2U 125] . 

K = -3M 2 Pl In ( -\{f vis . + f hid U , (111.19) 



we again find that, 

B[M] = -\- ( m -20) 

In KKLT, the vev of the F-term potential during inflation is approximately given by Vf — 
—3my 2 M Pl , and the Hubble constant during inflation can not exceed the gravitino mass 
. Writing 77t|, 2 = (1 + (3)H 2 , it follows that = 2 + (3, for some constant (3 > 0. Using 



equation (III. 11), we find that 

4^ = 2 + 2/3. (111.21) 
However, the uplift potential depends on the visible sector fields, and contributes to cj with 

(u P ) = _ 2 Vjv_ = _ A _ 2f3 (in .22) 

1 3M Pl H 2 ' y ' 

In conclusion, we find that 

cj = -2 , (111.23) 
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from which it follows that Affleck-Dine baryogenesis is not possible in brane inflation in 
KKLT with a sequestered visible sector. 

The Affleck-Dine mechanism can be embedded in some string models, see e.g. [5], in 
which it was noticed that the tree-level Kahler potential in orbifold theories gives rise to, in 
our notation, a constant holomorphic bisectional curvature, 

>n ■ 

B[T,ipi] = -j (IIL24) 

where T is the overall volume modulus and the candidate inflaton to boot, and rii, being 
an integer in the interval [—1,-5], is the modular weight of the chiral field ipi. Further 
examples of the viability of the Affleck-Dine mechanism in effective theories coming from 
string theory can be found in [SJ. 

The difficulty in obtaining positive cj in string theory models of inflation can be traced 
back to the fact that though the underlying no-scale symmetry is broken in stabilized com- 
pactifications, it can still importantly influence the Planck suppressed operators determining 
the coupling between the visible sector and the inflaton. While in Minkowski space the no- 
scale structure cause vanishing scalar masses, in the quasi-de Sitter space relevant for infla- 
tion on the other hand, the cancellation is only partial [2BJ , and the resulting mass-squared 
is always positive. 



IV. CORRELATED PREDICTIONS: BACKRE ACTION ON THE INFLATON 



In § |III| we have discussed how the necessary condition for Affleck-Dine baryogenesis can 
conveniently be written in terms of B[(f>, ip] in the single flat direction case, and how this 
bisectional curvature captures the functional behavior of the mass of the flat direction at 
the origin in field space as a function of the inflaton vev. In £jv] we will discuss how B[(f>, ip] 
appears in other places in the supergravity Lagrangian, and thus gives rise to correlated 
predictions of the Affleck-Dine scenario. In this section, however, we focus on a partic- 
ular cosmological consequence of the Affleck-Dine scenario which potentially can severely 
constrain the mechanism, namely the what can be thought of as the 'backreaction' of the 
transitioning flat direction on the inflaton. Two questions are especially pertinent for this 
analysis: First, if the Affleck-Dine field transitions from some initial vev to ipf of equation 



(II. 3) during the circa ten e-folds when the cosmological scales left the horizon, what are 
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the resulting cosmological signatures? Second, to what extent can it be natural to expect a 
flat direction transitioning during this period? 

The first question closely connects to a large body of work on the cosmological effects of 
features in the inflaton potential, and, in particular, it partially overlaps with the "multiple 
inflation" scenario of [29]. More generally, a transitioning field gives rise to a short period 
of multi-field, non-slow roll inflation, and a complete analysis of this period requires an 
extension of the works of e.g. [301432] to apply also for swiftly turning field trajectories. A full 
treatment of this multi-field system is a very interesting future direction, here, however, we 
take a first step towards understanding what cosmological constraints can be placed on these 
systems by comparing it to known constraints on simpler single-field systems. This simplified 
analysis can be thought of as modeling the behavior of the longitudinal component of the 
multi-field system, while neglecting the effects of fluctuations transverse to the evolution of 
the field. We therefore expect that the resulting constraints from the multiple-field analysis 
to be even more severe than the corresponding parameter bounds obtained below from the 
single-field analogy, which motivates the study of these bounds in the simplified system. 

Concretely, by mapping the effects of a transitioning field to a step in an effective, single- 
field inflaton potential, and by using bounds on the height and width of the step from [33] 
(see also [3lH39| H2] ) extracted from the seven year WMAP data of the CMB temperature 



anisotropies, we find in £IVB that the level, n, at which the flat direction is lifted in the 
superpotential and the value of the function cj, can both be severely constrained in certain 
versions of the scenario. 



In §IV C[ the question of naturalness is addressed for both small-field and large-field 
models of inflation, for both thermal and non-thermal initial conditions. For small-field 
inflation with initially thermally trapped flat directions, we find that observing traces of 
a transitioning flat direction through the CMB can be perfectly natural during the first 
20 to 30 e-folds of inflation, and modest fine-tuning can prolong this period substantially. 
For large-field inflation, transitions might not only be natural, but also abundant during 
inflation. The near scale-invariance of the CMB on the other hand severely constrains any 
transitions occurring at random places during inflation, which forces the Kahler potential of 
the large-field model to have a very special form. 

For earlier discussions of the possibility of constraining the initial configuration of the 
flat directions in the context of Affleck-Dine baryogenesis using scale invariance, see 
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A. Constraining the transitioning field 



While the analysis of the temperature anisotropies of the cosmic microwave background 
has given substantial evidence that a period of inflation occurred in the early universe, there 
are still many open questions regarding the exact nature of this period of accelerated ex- 
pansion. For example, in theoretical models of slow-roll inflation, certain flatness conditions 
are enforced on the inflaton potential, features in the inflaton potential however, can be 
admissible or even favored by the current WMAP data [33J [35] . In fact, recent analysis of 
the temperature anisotropies measured by WMAP [H], QUaD [45J and ACBAR [46J find 
an improved fit for inflaton potentials with a small step located at a specific location of the 
inflaton potential [33] , consistent with earlier analysis [35], |36j H2] . The size of the step is 
constrained from data to be no larger than around .1% in large classes of inflationary mod- 
els. While these results are intriguing, future observations of the E-mode polarization of the 
CMB spectrum as well as improved bounds on the bispectrum will be able to determine the 
cosmological significance of these features [37J EHIH] . 

Historically, transitioning flat directions have served as one of the main motivations for 
the study of localized features in the inflaton potential. Here, we discuss the effects of tran- 
sitioning flat directions in the context of Affleck-Dine baryogenesis by mapping the system 
onto a simplified single-field model with a step in the potential, for which the cosmologi- 
cal constraints from the CMB spectrum are known. The subset of models of Affleck-Dine 
baryogenesis that can be constrained this way partially overlap with the scenario of multiple 
inflation of [29J , in which an initially thermally trapped supersymmetric flat direction transi- 
tions to a significant vev, and while doing so 'backreacts' on the inflaton potential. However, 
while [29] and the subsequent works [381 ES] focus on a specific small-field inflationary model 
with a rather small Hubble constant (H ~ 10 -8 Mpz), it is certainly interesting to generalize 
these considerations to broader classes of inflationary models as well as considering more 
general initial conditions, as we will do in §IVC 



To motivate the mapping of the multiple-field system to a single-field system with a 



localized step, we consider the Affleck-Dine potential (II.2) supplemented with an inflaton 
potential Vq(0), supporting small-field slow-roll inflation, 



Vfaj,) = V (<P)- Cl (<P)H'f^ + \X\ 2 ^-^, (IV.l) 

M pl 



where we have neglected the order-n A-term as well as the phase of the condensate. The 
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equations of motion of the system are given by, 

^t) + 3H(t)<P(t) + 9 -^ = (IV.2) 

While a transitioning flat direction affects the cosmological perturbations for a variety of 
initial conditions, for concreteness let us consider the case when t/>$ ~ H at some time t = 



when the transition begins, and postpone the discussion of initial conditions to §IV C| In 
this case, an analytic solution for ip(t) is readily obtained at early times, i.e. for if> < ipf, 

^(t) = ^e^^^ 1 ) , (IV.3) 

where we have assumed that the transition is prompt so that H and c/(0) are approximately 
constant during the transition. During the transition, the two-field system (<f>,i[>) evolves 
from a 'ridge' of the potential to settle down in the 'valley' at ipf, much like a gentle version 
of the waterfall transition common in models of hybrid inflation (where Cj 3> 1, and the 
transitions terminates the inflationary era). Longitudinal fluctuations of the fields along the 
instantaneous tangent vector of the field trajectory give rise to curvature perturbations, while 
fluctuations orthogonal to the field trajectory result in entropy perturbations, as discussed 
in the case of slow-roll inflation in [301 HO]- Futhermore, for cj of order one and with an 
unsuppressed dependence on 0, a large-field version of this system has been analyzed in |41j, 
where it was noticed that quantum backreaction can typically not be neglected. Extending 



the two-field analysis to the system of equations (IV.2) is beyond the scope of this paper. 
Fortunately however, much can be learned by mapping the two-field system onto a single- 
field system with a potential with a small step, corresponding to the step induced by the 
transition of the flat direction along the longitudinal motion in the ((f), ip) field space. In this 
sense, the transitioning flat direction 'backreacts' on an effective, longitudinal, single-field 
inflaton potential to induce a step in it. 

To estimate the steepness of the step in the single-field potential, we note that the dura- 



tion, of the transition from ipi — H to ipf > ipi of (II. 3), can be estimated as 



t =^ln^V-f— Hlnf^l (IV 4) 

* 3kH UJ ~ H \n-2) 3k \ H J ' 1 j 

which provides a lower bound on — and a good approximation to — the actual transition 



time. Here we have abbreviated k = \/ 1 + |c/ — 1. Expressed in terms of the longitudinal 
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velocity = \ 2 + V ;2 , the slow-roll parameters, 



e = — 



if 

^2 ' 



? /|| 



(IV.5) 
(IV.6) 



deviate significantly from their initial, slow-roll, values during the transition. On the other 
hand, the speed in the ^-direction does not change abruptly during the transition and can be 
approximated by its initial slow-roll value[60] ~ —\j2ev{4>i)HMpi 1 where ey = \ ~^~\ 
and <pi denotes the inflaton vev just before the transition. The change in the inflaton vev 
during the transition can then be estimated as, 



2 , N) f \ tr J8/3 
— In [ — M P , ~ - v ' 
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H 



H, (IV. 7) 



assuming that the transition happens reasonably close to the time when cosmological scales 
left the horizon, so that ey is related to the Hubble scale by the COBE normalization, 



a/4 



2.7- 10~ Z M P1 . 



(IV. i 



The size of the step can readily be obtained by evaluating AV = V(<p, ipf) — V(<f), ipi), for 
which we find, 



AV 



n — 2 \ ci 
n-l) ~3 



Cl 



n-l A 



H 

Mp~i 
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n-2 



(IV.9) 



Thus, we propose to model the two-field model as a single-field model with a step, 
parametrized as, 



V(<p) = V {ip) - c/tanh 
with size and width approximately given by 



(p-iff 



d 



f 



(IV.10) 
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n — 2 



dt \Ji) 2 + 2 



(IV.11) 
(IV.12) 



AM Pl AM Pl jo 

where 4>\\ denotes the path length from ((p^ipi) to (<pf,ipf) as measured with the approxi- 
mately Euclidean field space metric, and is easily evaluated using the approximate solutions 
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for ijj and 0. The single-field model thus corresponds to the longitudinal coordinate along 
the field trajectory in the (0, ?/>)-plane. 



In { IV B we perform a more detailed numerical analysis of an example of a transitioning 
flat direction during inflation, and discuss how the bounds on the parameters c/ and df can 
be interpreted as bounds on n and c/ for a given inflationary model. 

1. Consequences of an inflaton dependent cj 

While the mapping of the transitioning system to an inflaton potential with a step is well 
motivated and serves to give a rough idea of what constraints can be imposed on the system, 
the multi-field system contains a rich variety of physics, that can not all be captured by a 
single-field inflaton potential with a step (37J [5U] . 

The neglect of multi-field effects is most severe when the fields evolve through a sharp 
turn in field space, as happens when the ip undergo damped oscillations to settle down at 

V>(t) =ip f (l + Ae~^ cos (ujt + tf)) , (IV.13) 

with co 2 = ^4:cf\n — 2) — | J H 2 , and for integration constants A and Computing the 
perturbations around this background solutions is an interesting future problem. 



Futhermore, the function c/(0) is typically not a constant, as we have argued in £111 A 
and can be Taylor expanded in = 

Cl ((f>) = 4 0) + 4 1} + \cf^ 2 + ... (IV.14) 

Once multiplied by the vacuum expectation value of a flat direction, the inflaton dependence 



in equation (IV.14) leads to corrections to the inflaton potential in the single- field model, 
that can not be captured by a step in an otherwise unperturbed inflaton potential. The 
importance of these corrections can be estimated by considering the effects of a flat direction 
transitioning during observable inflation, as the unperturbed inflaton potential satisfies the 



COBE normalization (IV.8). The unperturbed inflaton potential can be Taylor expanded 
around <fro, such that 

V (4>) = 3H 2 M 2 Pl (l - fll A0 + ^ (A0) 2 + . . A , (IV.15) 
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where A0 



<j>-<t>o 
Mp, ■ 



This expansion is good for all small field models, in which A0 <C 1, as 



well as for some large-field models, e.g. those with monomial potentials, since in that case 
the structure of the expansion coefficients a» ensure that the true expansion parameter is 
which is smaller than unity before the end of inflation. The slow-roll parameters at 0o 
are given by, = and 77^ = a 2 - Imposing the COBE normalization of equation (IV.8) 



on the inflaton potential (IV. 15) at <po gives that, 

y/6 ■ 10 4 ( H 



a 1 



2.7 2 



pi 



(IV.16) 



A flat direction transitioning just as the inflaton passes 0o changes the inflaton potential by 



AV(cf>) 



cf + c\ L > A0+ -cY> Atf + 
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(IV. 17) 



The slow-roll parameters change correspodingly: in terms of the Lagrangian cofficients a\ 
and a 2 , we find that 
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(IV.18) 
(IV.19) 



From (IV.18), we find that the condensate vev changes ey by an 0(1) factor if 

log 



log(l4 1) |(^f))-4 



n > 2 



while 7]v is sensitive for transitioning flat directions with an n greater than 



(IV.20) 



n > 2 
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(IV.21) 
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For example, the large-field model with a quadratic potential Vo(0) 
^m 2 0Q ^1 — and a Hubble scale close to 10 _4 Mp/ is rather insensitive to corrections 

in the the tilt (ey) but is sensitive to corrections in the curvature (77) for condensates tran- 
sitioning with n > 6. Once the condensate has formed, it will in general not be possible to 
reassemble the inflaton potential to a monomial potential again. 
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2. Backreaction on moduli fields 



Known ultraviolet-complete models of inflation typically have a spectrum that contains 
comparatively light particles with masses around H. It is therefore important to understand 
if a transitioning Affleck-Dine field can affect the moduli in a way that could possibly give 
rise to additional observational signatures. 

In order to be concrete, we will discuss this question in a particular example based on 
the "Kahler moduli inflation" in the Large Volume Scenario, see |51j. In this case, the mass 
of the lightest (and largest) Kahler modulus is given by 



m 2 ~ ^H 2 ~ Itf 2 , (IV.22) 



where we have used that the volume is large in string units, V ~ 10 . 



From the special form of the Kahler potential determined by equation (III. 15), the cou- 
pling between ip^ip and the canonically normalized volume modulus $ = y| In V, includes 
the term 

v ^w P r m '{^) e '^- (lv - 23) 

If the modulus $ is stabilized at the vev <3>o with mass m during inflation, the transitioning 
flat directions induce a shift in the modulus which to leading order in S^/Mpi is given by, 



r2 



J-f f J-f \ ^2 1 



m 2 \Mpi 



MpJ V 2 / 3 

where we have defined m 2 = m 2 + 2if 2 (y^-)™ 3 2 -i-. Thus for m ~ H during inflation 



2 

, Mpi > V 2 / 3 ' 

the shift in the vev of the modulus due to the displaced flat direction is small with respect 



to Mpi, and will not give rise to an observable signature. In the Large Volume Scenario, 



the volume suppression of equation (IV.24) makes the shift truly negligible. In the broader 
class of models in which the moduli couples to the flat direction only through the Kahler 
potential, the suppression in powers of (jjf^-) is generic, and the resulting shifts in moduli 
vevs are small. 



B. Numerical Analysis 

Let us now discuss a specific toy model of an Affleck-Dine transition during inflation, in 
order to demonstrate in detail how bounds on the size and width of the step in the potential 
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in the single-field model can provide interesting constraints the parameters n and c_f for flat 
directions transitioning during observable inflation. 

Specifically, we consider a two-field potential for the real, scalar, inflaton 0, and the radial 
component of a flat direction, represented by the real scalar field ip, given by 

V{M) = Vm - cfEW - cf^~ ^ + \M 2 l^ , (IV.25) 

Mpi M pl 

where V/(0) is the unperturbed, initial, inflaton potential, Hj is a constant approximately 
equal to the value of the Hubble parameter during inflation, and we have included a linear 
term in the Taylor expansion of c/(0). Considering a small- field model of inflation, for which 
the inflaton potential, at least locally, can be Taylor expanded as, 

W) = V O + V 1( f) + V20 2 , (IV.26) 

we investigate the effects of varying cy and n for fixed A and for fixed parameters of Vj(4>). 
We specialize to the particular case of Hj ~ 10 _6 Mp/, and r]y ~ .67 • 10 -2 initially, while 
imposing the COBE normalization on the inflaton potential just before the transition. 

For an initial vev of the flat direction, ipi = Hj, the initial conditions for the inflaton 
were chosen so that the system starts out in slow-roll close to the origin in field space. The 



naturalness of these assumptions will be discussed in §IVC[ As ip condenses, the two-field 
system slants from the 'ridge' in the potential at ip = 0, down to the 'valley' at ip = tpf, 
where it settles down during a short period of damped oscillations, while simultaneously 
slowly rolling in the 0-direction. 
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log ifi/M] 




log Mm) 




(a) The evolution of the condensate vev. 

log[£„(N)/ Ejf (0)] 



(b) The evolution of the longitudinal speed. 

log|%(N)/#)l 





(c) The evolution of the slow-roll parameter 



(d) The evolution of the slow-roll parameter 



ch of equation (IV. 5 1 



rju of equation (IV.6). 



TABLE I: The evolution of the condensate vev, the longitudinal speed in field space, and 
the slow-roll parameters for c/ = |, 1, 2 and n = 12. Please note that the total transition 



times are well approximated by equation (IV.4), which predicts Ht 



41, 22, and 12 



respectively for each of the parameter values above. Due to the exponential condensation 
of the flat direction, the dominant effects of the transition will be localized to a much 

shorter period of time. 



As discussed in length in section IV A , we map the longitudinal projection of this two-field 
system to a single-field system with a potential with a step, 

'(p-<p f 



V f (ip) = [V + V 1 <p + V 2 ip 2 1 - Cf tanh 



d 



f 



(IV.27) 



by determining the parameters Vo, V]_, V2, Cf, ipf, dj by numerically fitting Vf(<p) to 
V{(j>\\ \(f>± = 0), where 0y is defined through equation (IV. 12). 

While Vo, Vi, V2 only differ insignificantly from the inflaton potential parameters Vo, V\, V2, 
the transition inscribes a small step in the overall value of the potential, changing its value by 



at most a few percent. The system (IV. 2) under the influence of (IV. 25) can be regarded as 



a local approximation of the inflaton potential around the location at which the transition 
occurs, and, as such, it does not describe the full inflationary dynamics until the end of 
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inflation and beyond. In particular, this means that in this simplified model, constraints 
on the location of the effective step in the inflaton potential (determined by (pf) cannot be 
meaningfully interpreted as a constraint on any model parameters. However, constraints on 
the width (df) and the size (c/) of the step do provide constraints on cf" 1 and n. 

In figure jlj we plot the the best fit values for c/ and jj for cf^ G {|, 1,2} and n G 
{4, . . . 12}, obtained numerically from simulating the system ( IV.25[ ) in Mathematica, and 
thereafter fitting Vf(cp) to V((j)\\ = 0). The dashed lines in figure [l] correspond to the 
best-fit- values, i.e. Cf = 1.6 • 10~ 4 and Cf/df = 1.7 • 1CT 2 , together with the one-sigma 
constrained errors adapted from one-dimensional sections of the likelihood function of the 
small-field model in [33]. Since the constrained errors are given by sections of the 68% 
confidence curve, they only provide lower bounds on the errors. In particular, at a larger 
confidence level, the likelihood function is expected to plateau towards a vanishing step, thus 
only providing an upper bound on the values Cf and j-, [36]. For n < 5, all points lie in the 
lower left quadrant, and thus may not be constrained at a higher confidence level. Figure 
[T] illustrates however, that for this subset of Affleck-Dine models of baryogenesis, bounds 
on features in the potential can impose severe and interesting constraints on the scenario 
and may prove useful in singling out the flat sector responsible for the generation of baryon 
number. 

Let us discuss the limitations of our analysis in detail: While the small-field inflationary 
model with a step analyzed in [33] using QUaD, ACBAR and WMAP five-year as well as 
seven-year data resulted in an improved fit [HI] with an effective xlff of about 7 to 9, a similar 
analysis in the two-field case can be expected to differ in many details. In the context of 
multiple inflation, this question has been addressed in the works [381 [39], where the inclusion 
of the transitioning field did not result in an as large improvement of the fit for a model 
with Hj ~ 10~ 8 Mp; and for n taking on half-integer values between 7 and 9.5. However, it 
would be interesting to extend these works to broader classes of inflationary models and to 
a broad range of transitioning fields. 

The largest limitation to this analysis comes from the particular assumptions made about 
the initial configuration of the system. We will therefore now turn to the question of nat- 
uralness of the chosen initial conditions, as well as the feasibility of extracting correlated 
predictions from the flat direction backreaction on the inflaton for more general initial con- 
figurations. 
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c f / di- 
ne 1: The best-fit value of c/ and (dashed lines) together with the constrained errors 
for the small-field model of [33]. For n G {4, . . . , 12}, the red circles, white squares and 
black diamonds correspond to the best-fit values of the parameters for cf G {|, 1, 2}, 

respectively. In all CcLSGS, C \ ' — .1, A = 1, and the Hubble constant just before the 
transition is H = 10 -6 Mpi, consistent with the COBE normalization of the potential. 



C. Initial Conditions 

The transitioning Affleck-Dine condensate will necessarily backreact on the inflaton po- 
tential; however, these effects will be observationally irrelevant if the transition ends before 
the cosmological scales probed by the CMB left the horizon. For the transition to leave an 
observable imprint it should terminate between 60 and 50 e-folds before the end of infla- 
tion. Clearly, any statement about the naturalness of this happening depends on the physics 
before observable inflation, out of which very little is known, and what is known is model 
dependent. In this section we discuss different assumptions about the initial configuration 
of the system, and provide bounds from above on the duration of the period in which transi- 
tions are likely. For a determination of the likelihood of a flat direction transitioning during 
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the observable period of inflation, this analysis should be supplemented with an embedding 
of the inflationary scenario in a UV-complete theory, like string theory. This last task is not 
addressed in this paper. 

Independently of baryogenesis, we find that for large-field inflation, a particular manifes- 
tation of the supergravity 77-problem restricts the form of the metric on the visible sector 
field space to be an approximate solution of the equation, 

R mnal = Ak mn k al , (IV.28) 

while Affleck-Dine baryogenesis is only viable for certain values of the constant A. 

1. Small-field inflation 

Let us first discuss small-field inflation, such that A<ft <C Mpi during inflation and all 
the way until H ~ rriEw- We will discuss the case when the Affleck-Dine field starts out in 
thermal equilibrium with a vanishing vev separately from the case when case when the vev 
is large enough for the equilibrating interactions to freeze out. The former case is essentially 
the framework of multiple inflation, discussed in [29J. 

At the onset of inflation, a flat direction can be trapped in a thermal potential of temper- 
ature Tj, which can be no larger than Tj ~ (HiMpi) 1 / 2 in order for the inflaton to dominate 
the energy density of the universe. In the inflating background the temperature drops ex- 
ponentially with the number of e-folds, becoming smaller than the Hubble scale of inflation 
after N T ~ \ In (^f \ e-folds. For Hubble scales between 10" 8 M P/ and 10" 4 M P/ , this period 
therefore only lasts for about 5 to 10 e-folds. As the temperature drops below the scale H, 
the Hubble-induced terms become important, and the value of the holomorphic bisectional 
curvature between the flat direction and the inflaton — and thereby cj — determines whether 
the flat direction transitions or not. For cj < —1, the flat direction remain trapped at the 
origin in field space even after the thermal effects have ceased to be important. As we have 
emphasized, cj is in general a function of the inflaton vev, but for small-field inflation, the 
leading order contribution in the <j>/Mpi expansion should well approximate the true value 
of c/ throughout the inflaton trajectory. 

In case ci > 0, the field will transition as soon as the thermal effects become unimportant. 
The full transition typically takes several e-folds to complete, and the transition time is 
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logarithmically sensitive to the initial value of the field ipi. To estimate the initial vev 
of thermally trapped field, we note that the displacement from the origin will be a result 
of criticality in the period when the temperature and curvature contribution to the mass 
approximately cancel. The two-point correlation function in de Sitter space grows for long 
wave-length fluctuations [53] . 

(^)^^Ht. (IV.29) 

As an estimate, the period of criticality occurs for between Tf = 2H 2 and Tj ~ \H 2 , which 
corresponds to period of about a ln(2) fraction of an e-fold. During this period, the quantum 
fluctuations of the condensate results in a vev of the condensate of the order of, 

(^Y 2 ^§VW)^^H. (IV.30) 



The analytic solution of ip for small vevs, equation (IV.4) then gives an approximation 
and a lower bound for the transition time, 

. — ;("-;) , 1 *-("»). (rv.31) 

which, as an example, for ipi = H = 10~ 6 Mpz, n = 12, and cj = (|, 1, 2) evaluates to AiV »s 
(12, 21, 39), in good agreement with numerical simulations, c.f. Table 1. Furthermore, for 
cj < |, the transition period lasts for at least 50 e- folds for n > 6, and for more than 60 
e-folds for n > 12, which demonstrates that transitioning flat directions can also be relevant 
far past the beginning of the inflationary era. Since the condensation develops exponentially 
in time, most of the field excursion of the flat direction, and thereby most of the effects 
of the transition, will be confined to a much shorter period of time of a few e-folds before 
and after the end of the transition. As a demonstration of this fact, we note that by the 
numerical analysis of the preceding section (as is illustrated by the red circles in figure [T]), 
even transitions taking as long as 40 e-folds in total, give rise to localized features in the 
effective inflaton potential Vf((p), which are large enough to be easily excluded by CMB 
data. 

For a model like the MSSM with many flat directions, there can be a number of flat 
directions eligible for transition by all having cj > 0. The field with the maximal cj will 
transition first, and in the process, lift all flat sectors it does not belong to through the 
renormalizable superpotential, leaving a smaller subset of flat directions still eligible for 
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transition. For a mass estimate of the lifted directions, see £ V C This suggests that cj may 
in fact have a typical value that is larger than unity for the flat direction that transitions 
first. For 0{cj) ~ 10, the transition is prompt and over within the first five e-folds after the 
temperature drops below H. Other flat directions in the same sector may also transition 
during the same period, and thus may extend the period during which it is reasonable to 
expect transitioning flat directions. 

It is interesting to ask whether the transition of a flat direction may "trigger" the transi- 
tions of other flat directions, which presumably could extend the total transition period. In 



\ V C , we discuss the different interactions in a flat sector, and classify under what conditions 
such a triggering may occur. In sum, in the absence of non-holomorphic tri-linears that can 
induce negative contributions at either quadratic and linear order in the fields, triggering is 
potentially possible through superpotential couplings between different flat directions. As 
we discuss in §VC , triggering is only possible if these superpotential operators satisfy certain 
conditions. 

In conclusion, we find that for small-field inflation with initially thermally trapped flat 
directions, a mild fine-tuning of ci of an order of magnitude is sufficient to extend the 
transition time to more than 50 e-folds for most flat directions, and for cj = 1, transitions 
can be expected during the first 12 to 22 e-folds after the thermal potential has subdued 
- or equivalently, for the first 20 to 30 e-folds of inflation — for 4 < n < 12. Since Cj is 
essentially constant in slow-roll inflation, the number of transitions is bounded from above 
by the number of fields in the flat sector that transitions. 

Turning to the large class of small-field inflationary model in which the flat directions 
are not thermally trapped at the onset of inflation, we first consider the case where one or 
several of the flat directions initially have large vacuum expectation values with ipi > ipf. 
The relaxation of these fields will again result in a 'backreaction' on the inflaton potential. 
Focusing on the period of slow-roll inflation during which the inflaton cf) is assumed to 
dominate the energy density of the universe, the initial vevs of the fields are bounded from 
above by if} max ~ Mpi ( m pi j i cis discussed in [6]. The potential is steeper for fields 
transitioning from large vevs to i/)f, than for those transitioning from close to the origin in 
field space, and consequently the period during which it is reasonable to expect relaxation 
of flat directions is more limited. Also in this case, multi-field effects such as "triggering" 
can be very important and may prolong the period during which it is reasonable to expect 
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condensates to develop, but the details are highly mo del- dependent. 

In general, an entire flat sector will transition at the onset of inflation: some to the 
origin and some to the minimum ipf (the magnitude of which may of course differ between 
the different flat directions, since they can be lifted at different orders and are subject to 
different coupling constants), depending on the sign of the respective c/s. If all Cj > 1, 
and in the absence of multi-field effects, these transitions will be over within the 20 first 
e-folds, from which it follows that the backreaction on the inflaton during this period can be 
substantial. Since multiple fields may transition simultaneously, the induction of "bumps" 
in the inflaton potential is not at all unlikely at the early stages of inflation [39J. 



2. Large-field inflation 

Let us now discuss the naturalness of observing transitions during large-field inflation, 
by which we mean inflationary scenarios in which the inflaton field excursion from the onset 
of inflation and until H w ttiew is of order Mp\ or larger. Such models suffer more severely 
from the supergravity 77-problem, and the Affleck-Dine mechanism analogously requires a 
very special form of the Kahler potential, as we will now discuss. 

An initially thermally trapped field will experience a thermal potential during the first 
couple of e-folds of inflation after which the exponentially decreasing temperature drops 
below Hi, and the curvature induced masses become important. After this point the fields 
may transition — just as in small-field inflation — if the corresponding holomorphic bisec- 
tional curvature so permits. However, crucially, the holomorphic bisectional curvature (and 
thereby cj), typically experience an 0(1) variation over a field excursion of Mpi. This is 
exemplified by the simplest possible model of the Affleck-Dine mechanism in supergravity, 



cf. equation (III. 10), which successfully can be embedded in small-field inflation, but not in 
large- field inflation. 

For monomial potentials of the form m 2 <j) 2 , the field excursion from the last 60 e-folds 
and until the inflaton settles down after reheating is a distance of 15 Mp\ in field space. 
Thus, during this period it is perfectly natural to expect the value of cj to change, possibly 
several times, and for the flat direction to make a number of excursions during inflation. In 
fact, since in this case transitions every 4 or so e-folds may occur, the Affleck-Dine fields will 
cause significant deviations from a scale invariant primordial spectrum of fluctuations on all 
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scales. Since this is not observed, clearly cj cannot be a generic function of the inflaton vev 
and the Kahler potential must be of some restricted form. 

Similarly, if the flat directions are not thermally trapped at the onset of inflation, tran- 
sitions can be expected at any point during inflation. 

We conclude that in large-field models the transitions of the Affleck-Dine field are gener- 
ically ubiquitous, however the non-observance of significant deviations from scale invariance 
in the primordial power spectrum is suggestive. If the physics of the early universe was in- 
deed governed by F-term large-field inflation, then B[(p, ip] should be at least approximately 
constant, with or without Affleck-Dine baryogenesis. This in turn requires — at least to a 
good approximation — the Riemann tensor to take the form[62j, 

R mnal = AK al k mn} (IV.32) 

evaluated at ip a = 0, as always. The scalar A is in general an inflaton dependent function, 
but for B[(j),ip] to be slowly varying over Planckian distances, A should similarly be slowly 
varying and can, at least approximately, be treated as a constant. In the simplified case 



of a single visible sector field, ip, and a single inflaton, 0, equation (IV.32) is the Poisson 
equation in the flat 0-plane for /(0, 0) = \nK^, 

V^ } /(0,0)=Ai^(0,0), (IV.33) 

Denoting the Green's function in the domain D of the 0-plane by G((f), 0'), we find that 

/(0, 0) = AK{cj) } 4>)-A<f> ds'Ktf, $')d n G(<f>, 0') , (IV.34) 

J 3D 

where we have assumed that the Green's function vanish on the boundary of D. If K can be 
made to vanish on dD by a suitable Kahler transformation, the condition of approximately 
constant masses further simplifies to, 

i^(0,0)=e Ai ^>. (IV.35) 

Similar equations can be derived for multiple visible sector fields, if the metric K a i has some 
special structure. 

Motivated by the constant Cj found in the string theory realizations of j: III B we can 
without any loss of generality write the full Kahler potential of the form K = —a In U, where 
U is a real function of the visible and hidden sector fields and a is a constant. In terms 
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of this parametrization of the Kahler potential, the relevant components of the Riemann 
tensor are 

Rmfiab = ~^ab^-mn + Ki&ron j (IV. 36) 

a 

where 

Vabmn = ~ 77 \ U a brnn ~ (U *) U a c m Ub dn j . (IV.37) 



Clearly, the tensor V a i mn has to be either proportional to the product of the metrics on 



the moduli space, or vanish in order for the condition (IV.32) to hold. For example, in 



no-scale supergravity and Kahler potentials of the sequestered form, a = 3 and V a i mh vanish 



since the function U is separable, c.f. equation (III. 19). We discussed in £ III B how these 



types of models indeed gives rise to a constant holomorphic bisectional curvature, but do 
not allow for Affleck-Dine baryogenesis. Indeed, for V a i mfL vanishing, successful Affleck-Dine 
baryogenesis bounds the constant a from above, 



a < 



1 if ^3/2 « H 2 
1 if m\ l2 = H 2 . 



(IV.38) 



For a single visible sector field and a single inflaton, equation (|IV.35|) imply that U^x is a 



constant and that the tensor vanish if K can be chosen to vanish on dD. 



V. FURTHER CORRELATED PREDICTIONS 



The holomorphic bisectional curvature appears in a number of different places in the 
supergravity Lagrangian, and the geometric condition of the Affleck-Dine scenario discussed 



in £ 111 A thus leads to a number of definite correlated predictions for various couplings. 
In this section we discuss (classical) wave-function renormalization, fermion terms, and 
couplings between multiple flat directions. 



Wave-function normalization 



The function Cf of equation (III. 7) determines the canonically normalized mass of a flat 
direction, and thereby accounts for any changes in the metric on the moduli space K^p^ . 



In the simplified model we used for numerical analysis in £IVB however, we assumed that 
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the inflaton and flat direction were canonically normalized throughout the relevant part of 
inflation, despite the fact that the kinetic terms can be expanded as, 



M, 



pi 




(V.l) 



(V.2) 



where the bisectional curvatures are evaluated at some reference point 0o along the infla- 
tionary trajectory at which the fields are canonically normalized, and A</> = <ft — <f) . This 
omission is well motivated: for small field inflation A0 <C Mp t , and the inflaton-dependent 
correction can be neglected, and while the transitioning flat direction will induce a change 
in normalization for both the flat direction itself and for the inflaton, this results in small 
changes in the parameters of the inflaton potential and negligible changes in cj and A for 



the flat direction. For concreteness, in the model of £IVB with potential given by equa- 



tions (IV. 25) and (IV. 26), the change in canonical normalization of the inflaton due to the 



transitioning field leads to a redefinition of the parameters of the inflaton potential of the 
form 



(V.3) 
(V.4) 




(V.5) 



As a result, the inflaton potential for the canonically normalized field will appear slightly 
tilted after the transition of the flat direction. Nevertheless, the effect of the field-redefinition 



is small for most values of n, which motivates the omission of this effect in £ IV B 



B. Fermion couplings 

The Riemann tensor on the field space is well-known to appear in the quartic fermion 
quartic couplings. The holomorphic bisectional curvature will thus necessarily gives rise to 
an additional coupling between the visible sector fermions (denoted x a ), an d fermions in the 
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multiplet of some hidden sector field (denoted x 
1 . 1,1 



r — ( k -K-A-OR- W m A/t n v a vt fe 

9 T- 



' [1 - 25(0, v)] ^%VVx^ 



(V.6) 



for non-canonically normalized fields. In the last step of equation (V.6), we have again spe- 
cialized to a single flat direction and a single inflaton. However, even though the holomorphic 
bisectional curvature predicted by the Affleck-Dine mechanism changes the numerical value 
of this coupling, it is hardly important for the physics of the early universe. 

For completeness as well as for the potential embeddings of fermionic preheating in a 
complete supergravity model, the masses of the flat direction fermions receive contributions 
from both supersymmetric and supersymmetry breaking sources during inflation, which for 
the non-canonically normalized field is given by, 

m r = e K/2M ^V i ,D i ,W . (V.7) 

At vanishing vev of ip, its fermionic partner is massless, while for a displaced flat direction 

Mpi 



with vacuum expectation value ipf, the mass is to leading order in given by, 



my = k 



+ k 2 JH 2 + m*K„ 



where 



and, 



pi 



h = y/sM^^- (k^) 1/2 (K^ya^k^, (V.9) 



(V.{ 



h = v^Ml^ (k^) 1 ' 2 (k^k^a^ . (v.io) 



2 

n — 2 



The mass of the canonically normalized fermion is therefore of the order of H {^^j 
during inflation. 

After inflation, once H ~ m 3 / 2 — mEW, the mass of the flat direction fermion is of the 

2 

/ ^3/2 \ "~ 2 



order of m 3/2 [j^j < m z / 2 
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C. Consequences for multi-field dynamics 

Any supersymmetric extension of the Standard Model will involve many renormalizably 
flat directions — in the MSSM they add up to hundreds — and the Affleck-Dine mechanism 
is consequently concerned with a multi-field system. In this section we survey the leading 
couplings between different flat directions with a particular focus on the interactions in multi- 
dimensional flat sectors, as well as the possibility of a developing Affleck-Dine condensate 
"triggering" a transition of other flat directions. We discuss how triggering may proceed 
through superpotential interactions or through the supergravity induced non-holomorphic 
tri-linear C-term. 

To avoid unnecessary cluttering, we will in this section assume that e K l M pi ~ f and that 
all fields are canonically normalized. It is not hard to generalize the following equations to 
the more general case. 

1. Interactions induced by the renormalizable superpotential 

While any flat direction per definition is F- and D-flat in global, Minkowski, supersym- 
metry with respect to the renormalizable superpotential, this does not mean that all flat 
directions can simultaneously obtain large vacuum expectation values. The renormalizable 
superpotential introduces interactions between different flat directions, and the presence of 
a condensate can significantly restrict the number of dynamically interesting fields. 

For example, in the MSSM both the = H u H d operator and the ^ = -^i^3 e i operator 
correspond to supersymmetric flat directions. The lepton Yukawa coupling, 

WD\?H d L iej , (V.I I) 

gives rise to an F-term for Lf, (here a is an SU(2) index and % a flavor index), which in 
global supersymmetry is given by, 

F Lf =H^ ei = 0, (V.12) 

where invertibility of the lepton Yukawa matrix has been assumed. Clearly, simultaneous 
vacuum expectation values of and ^ 2 gi ve rise to a no n- vanishing F-term. 

In general, the renormalizable superpotential contains couplings between different flat 
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directions of the form, 

WdX^I, (V.13) 

which, in the globally supersymmetric scalar potential, results in a quartic coupling of the 
form 

7(^^)D4|A| 2 ^| 2 |^r. (V.14) 



If either of the fields transitions to a magnitude of iftf, as in equation (II.3), the other 
will obtain a mass-squared of the order of 

2 n-4 

where A denotes to the relevant Yukawa coupling. For small n, and for the smaller of the 
Yukawa couplings, this contribution of the mass is much smaller than the Hubble constant 
during inflation, and thus a subleading contribution to the total mass of the flat direction, 
while for larger n and for Yukawa couplings A > 10 -3 , it can lead to induced masses of the 
order of Hubble or larger. In the former case, we would regard the fields to belong to the 
same flat sector with respect to the renormalizable superpotential, while in the latter case 
they would belong to different sectors. To our knowledge, there is no complete classification 
of simultaneous flat directions, however see [T4"l [15] for some interesting special cases. 

2. Order-n A-terms 

The most important contribution from the non-renormalizable superpotential terms of 
the form (III. 3) is to generate the stabilizing term proportional to |?/>| 2n ~ 2 in the scalar 



potential, as well as the order-n A-term, as in (II. 2). In supergravity, the A-term arises from 



contributions to the scalar potential of the form 

V F D -(hk^D^MU-^^Ml) (^] 

= I(^3(^ + my| i ^A-3A^3 / ^,) {0 - (V.16) 

where we have specialized to a single hidden sector field and neglected higher order terms in 
Kahler potential of type K^'^ contribute with j^— suppressed corrections to the coupling 
(|Vl6j). 



33 



3. Triggering 



More interesting are the contributions to the non-renormalizable superpotential that mix 



different flat directions, as in equation (III. 3). Cross-couplings between flat directions in 
the same sector can be present at order k > 3. For concreteness, suppose that the field ipi 
appears at quadratic order in a contribution to the superpotential at order k which couples 
it to a second flat direction ip2i i-e. 



\(k) 

W D ^_jVf?" fc,T,2,T,fe ~ 2 



k 



l pi 



(V.17) 



If ip2 obtains a vev of the order of ijjf, then the resulting mass-squared for the field ip\ will 
obtain a positive definite contribution of the form, 

(V.18) 



\\^\ 2 H 2 



M, 



in 



The superpotential coupling (V.17) also gives rise to an order- holomorphic A-term in the 



scalar potential of the type (V.16). After ip2 condenses, this coupling will schematically 



contribute to the mass with, 

|A^| 



HJH 2 + ml 



H 



k — n 
~n^2 



cos(/3) 



(V.19) 



k "V" ' 3 / 2 \M Pl , 
The angle (3 depends on the phases of ipi,il>2 and D^X^', and — in the absence of other 
contributions to the mass of ipi — the cosine dependence of (V.19) will cause two tachyonic 



directions to open up in the ipi plane, under the condition that 



k 



|A«| 



H 



M, 



in 



k — n 
n-2 



< 



1 . 



(V.20) 



For k < n, this equation requires fine-tuning of the coefficient to be satisfied, and 
triggering due to condensation does not appear to be generic. For fc>non the other hand, 
equation (V.20) only imposes mild restrictions on the value of to be satisfied. In this 



case however, the magnitude of the tachyonic contribution to the mass in equation (V.19) 
is suppressed with respect to H 2 , and may not render the total mass-squared negative. 



I "C-terms" 



The phenomenological potential (II. 2 ) gives a clear view of the dominant effect for Affleck- 



Dine baryogenesis involving a single field. For multiple fields however, there are more terms 
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that potentially can produce interesting effects. In particular, the nontrivial Kahler potential 
can induce terms at all orders, and thus introduce operators with a much lower dimension 
than those originating from the superpotential. For flat directions, the lowest dimensional 
contributions of this sort arise at cubic order, in terms of the non-holomorphic tri-linears 
sometimes called "C-terms" |54j . 

VfD^ } ^W 5 + c.c, (V.21) 

As we will see, C typically is of the order Hj^-, and the C-term gives rise to a mass term 
of the order of 

for a flat direction appearing quadratically in the C-term, coupling to another flat direction 



that is lifted at order n with vev given by (II. 3). On the other hand, a field appearing 



linearly in the C-term may experience a linear instability of the order of 

H ' M pi ( 7~T~ ) . (V-23) 



if the other field appearing in the C-term have condensed. 

This type of non-holomorphic — sometimes called "maybe soft" — tri-linears are severely 
restricted by gauge invariance and R-parity [54] . For instance, in terms of the ordinary 
MSSM fields, the only operators of this form are [55] 

QuH* d , QdH* , LeH* u . (V.24) 

To assess the importance of these operators, we first note that all the C-terms involve a 
Higgs field and thus couples the only two flat directions including the Higgs fields, H u Hd and 
H u Li, to operators involving squarks or sleptons. For the H u Hd direction, F-flatness of the 
renormalizable superpotential requires both Qi = and e; = 0, thus enforcing the vanishing 
of all C-terms coupling to the if^i^-direction. In other words, for the H u Hd operator, the 
C-terms lift no directions that are not also lifted by the renormalizable superpotential. 

The H u Li direction is simultaneously F-flat with some operators of the form LiLjek, and 
studying this sector in detail — including the possibility of a non-vanishing C-term — could 
be very interesting. 

The supergravity induced C-terms can easily be given a geometric interpretation, since 
when phrased in terms of the covariant fluctuation obtained by the background field method, 
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explained in [56], they are given by 

<VK = l (VaVfcVc-Vp + V a V 5 V b V F + V e V a V 6 Vp) = 

= 2 ^V^ g - -R B aSb VB^ V F 

= -2e k (F m F n VaRmncb + ^ Racbm ( K mfFl F l V m F[ + , (V.25) 

where V m Fi = d m Fi + K m Fi — Y p ml F p , all in natural units. 

Since, by gauge and R-parity invariance, there is no allowed cubic self-interaction from 
the C-terms in the MSSM for any flat direction, we have 

$3 = 0- (V.26) 



~(2 1*) 

The three terms contributing to in (V.25) are in general independent functions of the 



inflaton which (depending on the inflationary scenario) may even be of different orders of 
magnitude, and we will not consider the case when there are nontrivial cancellations between 
them. It then follows that each term has to cancel separately so that at vanishing vev of 
the flat direction, if) = 0, 

Rt/rij}ip4> = ) (V.27) 

and the relevant holomorphic bisectional curvature is covariantly constant along the flat 
direction, 

V^[0,V] = O. (V.28) 



5. Quartic interactions 

Finally, the quartic interactions couple all flat directions to each other and generically 
gives rise to contributions to the squared masses of a flat direction of the order of 




(V.29) 



in the background of another condensed flat direction, stabilized at order n in the superpo- 
tential. In case a given flat direction is not stabilized by any non-renormalizable operator 
in the superpotential, the quartic self-interactions will stabilize the condensate to a vev of 
the order of Mpi. 
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The quartic scalar couplings for the covariant fluctuations, ip c 



Vf 3 7 Vfcd^W 



(V.30) 



are given by the symmetrized covariant derivative ^V^g^Vp, which can be written in 
natural units as, 



A 



abed 



+ K* A R 



[F m F m - \ W\ 2 ) K b ^ a K c y d + F m F n (K AA R mncA -R Abad - ~ K AA R mnAd R 

K{ad~Rmnc}b ~ ^ia^mncd) ~ Rabcd\W\ 



Aabc 



rnA{ad- ri 'Anc}b 



Ks nh R, 



{ab-T*"mnc}d 



- WF n V a R nM - WF n V- b R 



^nade 



(V.31) 



where braced indices are symmetrized (i.e, T{ ab }... = T a b... + T ba ...), and capital letters run 
over both the visible and hidden sectors. For a single inflaton and a canonically normalized 
flat direction, the expression simplifies to 



A 



6H 2 ( (1 + 5[0,^]) 2 + -Vf^[0,^] ) - 2m 3/2 Re 



W ^ 



\W\ 



+ m\ l2 (6 (1 + B[cf>, 4>]f - 2 + 3Vf^[0, iP] + ^]) 



(V.32) 



after using ( fV\27| ) and jVg§ . Here V^5[0,^] = K^V^B^,^]. Evidently, the quartic 
interaction term depends on the holomorphic bisectional curvature, and thus provide a 
nontrivial correlation of the scenario. 



VI. CONCLUSIONS 

The generation of the observed baryon asymmetry is one of the outstanding problems 
of twentieth century physics which remains unsolved a decade into the twenty-first century. 
Fortunately, as cosmological observations continue to become ever more exact, one may ask 
to what extent the rise of precision cosmology can help solve the question of baryogenesis. 

In this paper, we have explored a prediction of a sub-class of Affleck-Dine scenarios, in 
which a flat direction transitions from a small vev to a larger vev during the period of 
inflation when cosmological scales left the horizon. In this case, we found that the near scale 
invariance of the cosmic microwave background places severe restrictions on the nature of 
the flat direction. 

A two-field system with a transitioning flat direction can be modeled — at least as a 
rough, first approximation — as a single-field model with a step in the potential. Since the 
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temperature spectrum of the CMB appears to favor a largely featureless inflaton potential, 
observations of the temperature anisotropics impose strong constraints on the location, the 
size and the width of any step appearing in the inflaton potential. Interestingly, the ACDM 
cosmological model with a step located at a specific position in the inflaton potential can 
improve the fit to WMAP data by a marginally significant amount. 

In the sub-class of models considered in §IV[ the corresponding constraints on the size and 
width of the step can be interpreted as constraints on the parameters of the transitioning flat 
direction, namely the dimension at which the flat direction is lifted in the superpotential, 
n, and the holomorphic bisectional curvature between the inflaton and the flat direction, 
denoted B[4>, t/>], which determines the (tachyonic) mass of the flat direction at the origin in 
field space. 



In the toy model considered in §IVB| with a Hubble parameter during inflation given by 
H ~ 1CT 6 Mpi, no flat direction with a tachyonic mass in the range — and —2H 2 and n 
in the range from 4 to 12 could produce a step in the inflaton potential of the size and width 
included within the 68% confidence region of the best-fit value. This suggests that transi- 
tioning flat directions during inflation can be severely constrained by CMB data. However, 
our analysis in §IVB should be regarded as a first step towards a better understanding of 
the cosmological predictions of this sub-class of Affleck-Dine models, and a full analysis, like 
the one of [38l 139] done in the context of multiple inflation would be very interesting to 
pursue for a broader range of inflationary models. 

Future precision cosmology observations of the E-mode spectrum and, possibly, of a 
non-vanishing non-Gaussianity of the temperature anisotropics will determine the nature 
and significance of the features in the temperature spectrum responsible for the improved 
fit for a potential with a step. Either outcome will provide important information about 
the naturalness of the Affleck-Dine scenario. Since observations of non-Gaussianities can 
potentially serve to discriminate between a single-field model with a step and a multiple- 
field model with a transitioning flat direction (see e.g. jlTJ HH]), it would certainly be 
interesting to study the non-Gaussianities produced by a transitioning field in a variety of 
inflationary models. 

From the point of view of string phenomenology, the Affleck-Dine mechanism is a partic- 
ularly attractive scenario for the generation of the baryon asymmetry. By being sensitive to 
Planck-suppressed operators whose structure are dictated by the string theory realization, 
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the mechanism can potentially provide clean information about the coupling between the 
visible sector and the inflationary sector. For instance, if the Affleck-Dine mechanism indeed 
is responsible for the observed baryon asymmetry, then it immediately follows that the early 
universe cannot be described by brane inflation together with a sequestered visible sector, 



as we have discussed in i III B 



In this paper, we have also elaborated on the possibility of extracting correlated prediction 
from the nontrivial structure of M = 1 supergravity. In particular we have discussed fermion 
couplings, multi-field couplings and higher-order Planck-suppressed interaction terms, which 
are completely or partially correlated with the magnitude of the tachyonic mass of the flat 
direction at the origin in field space through the holomorphic bisectional curvature that 
appear repeatedly in the supergravity Lagrangian. 

An attractive feature of the Affleck-Dine mechanism is that it not only solves the problem 
of baryogenesis, but that it appears to provide a robust frame-work for production of dark 
matter and for explaining the approximate coincidence of the dark matter and the baryon 
densities. If supersymmetry is relevant for the description of our universe, then the Affleck- 
Dine mechanism could very well play a key role in the unification and solution of several 
cosmological problems. 
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